Abstract
energy crops was determined. An economic and ecological evaluation was conducted.
48
Application of bio-digestion waste derivatives induced small, albeit statistically insignificant 49 improvement in crop yield, soil fertility and quality compared to current common practices 50 using animal manure and synthetic fertilizers. Moreover, the use of these products might 
Introduction

61
Nutrient recovery from digestate sludge and cradle-to-cradle reuse as sustainable fertilizers in 62 agriculture has become an important challenge in the further development of sustainable 63 agriculture, green chemistry and renewable energy production through anaerobic digestion, 64 both from an economic as an ecological point of view [1] . Waste water resulting from NH 3 -65 removal by an acidic air scrubber could potentially be reused as a formulated N-S-fertilizer, 66 whereas concentrates resulting from membrane filtration of liquid digestate could potentially 67 be reused as N-K-fertilizer [1] . In this way sustainable alternatives for fossil-based mineral 68 fertilizers could be provided, while valuable nutrients are being recycled. Furthermore, in 69 light of phosphorus levels for soil application that become more and more strict in European This study aims to demonstrate the fertilizer potential of digestate sludge and its 81 derivatives by means of a field trial in which eight different cultivation scenarios will be 82 compared. In these scenarios liquid fractions (LF) of digestate, waste water from an acidic air 83 scrubber for ammonia removal, and a mixture (φ = 0.5) of raw digestate and LF-digestate will 84 be applied to soil, either as substitute for synthetic fertilizers or animal manure, for the 85 cultivation of energy maize. It is hypothesized that the use of these products will not cause 86 significant differences in crop yield and nutrient uptake compared to the common practice 87 (animal manure + synthetic fertilizers). In order to evaluate the potential environmental 88 impact using these bio-based products in agriculture, nutrient balances will be assessed and 89 the physicochemical soil quality, including the nitrate residue, leaching, salt content, pH, 90 organic carbon content, sodium adsorption ratio (SAR), as well as phosphorus and heavy 91 metal accumulation will be evaluated. Finally, the biogas yield of the harvested energy maize 92 will be determined. As such, the nutrients coming from the digestate are again recycled to the 93 anaerobic digestion plant and nutrient cycles are maximally closed. 
Material and Methods
96
Site description and experimental set-up
97
The test site is located in Wingene, Belgium. It concerns a 0.8 ha large sandy-loam field.
98
The field was divided into 32 subplots of 9 m by 0.75 m. The soil characteristics before the 99 field trial (April 21 2011) are given in Table 1 before application to the field.
117
Next, by the end of April 2011, the fertilizers were applied to the soil and again samples
118
were taken for analysis in the same way as described before. LF-digestate was applied 119 manually on April 28 to ensure high precision for the targeted application on the test subplots.
120
The fertilization of the mixture of digestate (φ = 0.5) and its LF (φ = 0.5), as well as pig 
Plant analysis
178
Plant samples collected in the field were weighed for determination of the fresh weight 
Economic and ecological evaluation 219
The methodology used for the economic and ecological evaluation of the application of 220 bio-based mineral fertilizers in agriculture can be found in Vaneeckhaute et al. [1] . The 221 economic and ecological benefits were calculated using the following equations: 
Results
233
Product characterization 234
The physicochemical characteristics of pig slurry, the digestate/LF-digestate mixture (φ = 235 0.5) and LF-digestate can be found in Table 4 . The N/P/K-ratio was 3.4/1/3.7 for pig slurry, The physicochemical characterization of acidic air scrubber water is given in Table 5 , crop uptake at the harvest was the highest for Sc7 and the lowest for Sc6, similar as for Ca.
286
Large variations in Na-uptake by the crops between the different treatments were observed,
287
but also large standard deviations on the measurements per treatment were obtained.
288
Therefore, at the 5 % level no statistically significant differences could be derived in crop Na- were observed among the eight treatments at the 5 % level. It can however be seen that in
295
Sc4-8 the mean S-uptake at the harvest was slightly higher compared to Sc1-3. 
Nutrient balances
298
Nutrient balances for nitrogen, phosphorus, potassium, calcium, magnesium, sodium and 299 sulfur are presented in Table 7 . In all scenarios the crop demand was higher than the manure scenarios where air scrubber water was used (2, 3, 5 and 6) the S-supply was higher than the 305 crop demand, yet in the other scenarios there was a S-deficit. lower for all scenarios, except Sc7, compared to the reference (Table 7) .
318
Next, there is strong statistical evidence (p < 0.0001) that the pH-H 2 O was significantly 319 lower for Sc5 compared to the other treatments in the beginning of July (Table 8) can be derived from the boxplots presented in Figure 5 that the mean SAR was slightly higher 336 for Sc5-8, compared to Sc1-4. This is in line with the total amount of Na, which is also 337 significantly higher in July (p = 0.030) and weakly higher in September (p = 0.11) for these 338 scenarios. Nevertheless, in October not much effect was observed of the variable treatment on 339 the SAR (p = 0.16) and total soil Na (p = 0.23).
340
Further, no significant differences (p July = 0.78; p Sept = 0.91; p Oct = 0.71) were observed in P-341 accumulation between the eight different treatments during the field trial ( Sc4-7 compared to Sc1-3, due to the higher fresh weight biomass yield in these scenarios.
389
Fertilizer impact on soil fertility and soil quality 390
The crop demand was in each scenario covered by the availability of N from manure and 391 soil supply, so it is likely that the amount of NH 3 -evaporation was not specifically higher in 392 the scenarios where the pH-adjusted waste water was used. Also, there were no significant all respects, these high NO 3 -residues may increase the risk for NO 3 -leaching to ground and 410 surface waters. Therefore, next year guided measures will be implemented at the field [15] .
411
Concerning the intercrop, it is likely that the density of the Italian rye-grass was too low 412 and that the grass was sown too late, so that it could not yet take up its maximum amount of N 413 at the sampling moment. The N-uptake is dependent of the date of sowing and is normally for 414 this species between 40 and 60 kg ha -1 , and up to 80 kg ha -1 under good conditions. In order to 415 reach a maximum N-uptake, it is advised to sow the rye-grass as soon as possible after the 416 harvest and not later than October 15 [15] . Therefore, in the next experimental year the 417 intercrop will be sown immediately after the harvest to optimally enjoy the maximal benefits.
418
Next, an important remark is that the amount of P 2 O 5 applied to the soil in Sc1-3 and Sc7-8 This is caused by the variability in the composition of animal manure between the first and 421 the second sampling moment. The P 2 O 5 -content in digestates and derivatives seems to be 422 more stable in time, which is an interesting observation in terms of fertilizer application.
423
Although significantly less P 2 O 5 was applied to the soil in Sc4-6, a higher crop P 2 O 5 -uptake 424 was observed in these scenarios. This could be attributed to the higher relative amount of 425 mineral P 2 O 5 to total P 2 O 5 in the digestate/LF-digestate mixture (φ = 0.5) than in animal 426 manure (Table 4) . However, because the P 2 O 5 -supply could not cover the crop demand in all 427 scenarios, the plants must also have extracted P 2 O 5 from the soil pools, especially in Sc4-6.
428
Up to now no significant differences in soil P-content were observed (p > 0. where air scrubber waste water was used, the S-supply was higher than the crop demand, observation is that, while there was no effect of the use of air scrubber waste water on the 453 crop S-uptake, in the scenarios where digestate and/or LF was used as base fertilizer (Sc4-8)
454
the crop S-uptake was slightly higher than in the scenarios where only animal manure was 455 used (Sc1-3). This is likely due to the higher relative amount of mineral S compared to total S 456 in the digestate derivatives (Table 4) . however, important parameters that will be followed up in the long term.
479
Because digestate is the waste product of the co-digestion of animal manure, energy crops 480 and organic biological waste from the food industry, it could also contain an important 
Economic and ecological evaluation 526
The application of bio-based fertilizers in agriculture can result in significant economic 527 benefits for the agriculturist, as well as ecological benefits through energy use and GHG-528 emission reduction [1] . The complete substitution of synthetic fertilizer N by air scrubber 529 water (Sc3) could almost double the economic benefits, while the energy use and GHG-530 emissions were 2.5 times reduced. When meanwhile substituting animal manure by the 531 digestate/LF-mixture (Sc4-6), the observed benefits were even higher, because here less 532 synthetic N was required due to the higher N/P-ratio of the mixture, while also the need for 
